Neurons in developing sensory pathways exhibit spontaneous bursts of electrical 11 activity that are critical for survival, maturation and circuit refinement. In the auditory system, 12 intrinsically generated activity arises within the cochlea, but the molecular mechanisms that 13 initiate this activity remain poorly understood. We show that burst firing of mouse inner hair cells 14 prior to hearing onset requires P2RY1 autoreceptors expressed by inner supporting cells. P2RY1 15 activation triggers K + efflux and depolarization of hair cells, as well as osmotic shrinkage of 16 supporting cells that dramatically increased the extracellular space and speed of K + 17 redistribution. Pharmacological inhibition or genetic disruption of P2RY1 suppressed neuronal 18 burst firing by reducing K + release, but unexpectedly enhanced their tonic firing, as water 19 resorption by supporting cells reduced the extracellular space, slowing K + clearance. These 20 studies indicate that purinergic signaling in supporting cells regulates hair cell excitability by 21 controlling the volume of the extracellular space. 22 23 Introduction 24
**p<0.005) for frequency calculation and n = 5 cochleae (two-tailed paired Student's t test; *p<0.05) for area calculation. Cochleae that did not crenate in MRS2500 were excluded from area calculations. (F) Schematic of whole-cell recording configuration from IHCs. (right) Whole-cell voltage clamp recording from an IHC. (G) Plots of event frequency and amplitude before and after MRS2500 application. n = 6 IHCs (two-tailed paired Student's t test with Bonferroni correction; **p<0.005, *p<0.05). (H) Whole-cell voltage clamp recording of an ISC with MRS2500 application following pre-incubation with CdCl2 (100µM), TTX (1µM), ouabain (10µM), and bumetanide (50µM) to limit K + release. (I) Plot of change in holding current, defined as the 95% percentile current for each period. n = 6 ISCs for each condition (two-tailed Student's t test; ***p<0.0005). (J) IHC whole-cell voltage clamp recording with Cs-TEA internal solution (to inhibit K + channels) before and after MRS2500 application. (K) Plot of the change in IHC holding current following control (aCSF) and MRS2500 with K-MeS and Cs-TEA internal. n = 5 IHCs for aCSF, n = 6 IHCs for MRS2500, n = 4 IHCs for aCSF with Cs-TEA internal, and n = 5 IHCs for MRS2500 with Cs-TEA internal (one-way ANOVA; ***p<0.005, **p<0.005, ns, not significant). Figure Supplement 2E,F) . 139 ATP-mediated signaling in ISCs activates TMEM16A, triggering K + efflux that depolarizes nearby 140 IHCs. To assess whether P2RY1 signaling is also required for periodic excitation of IHCs prior to 141 hearing onset, we assessed the sensitivity of spontaneous IHC inward currents to MRS2500 (Fig-142 ure 3F). Consistent with the supporting cell origin of IHC activity, application of MRS2500 (1µM) also 143 abolished spontaneous currents in IHCs (Figure 3F,G) . Together, these data suggest that P2RY1 is 144 the primary purinergic autoreceptor on ISCs responsible for inducing periodic excitation of hair 145 cells prior to hearing onset.
146

P2RY1 inhibition leads to extracellular K + accumulation 147
Although P2RY1 inhibition abolished most transient inward currents in both ISCs and IHCs, a pro-148 gressively increasing inward current (downward shift in baseline) appeared in both cell types with 149 prolonged application of MRS2500 (Figure 3B,F) . Prior studies in CNS brain slices indicated that Gq- et al., 1998; Marcotti et al., 2003) , MRS2500 also did not induce an inward current 161 (Figure 3J,K) . Together, these results suggest that P2RY1 has two distinct effects in the cochlea; it 162 induces the transient inward currents that triggers IHC burst firing and it accelerates the clearance 163 of K + within the organ of Corti.
164
To directly assess the relationship between P2RY1 activity and extracellular K + accumulation 165 near IHCs, we monitored K + levels in the extracellular space using IHC K + channels. Focal P2RY1 166 stimulation with a selective agonist (MRS2365, 10µM), which mimics the effect of endogenous ATP 167 by eliciting an inward current and crenations in ISCs in control but not P2ry1 KO mice (Figure 4A-C (Figure 4G,I) , and is similar to the effects of a metabotropic purinergic receptor agonist 177 (UTP) on synaptically-evoked K + currents in IHCs (Wang et al., 2015) . However, after a few seconds 178 these K + currents shifted outward relative to baseline, indicative of a gradual decrease in extracellu-179 lar K + below that present prior to P2RY1 stimulation, then gradually returned to the pre-stimulation 180 level after several minutes (Figure 4G,I) . 181 The outward shift in K + tail current followed the time course of the crenation (τ decay = 100 ± 14s 182 for tail currents and τ decay = 38 ± 4s for crenations), suggesting that the shrinkage of cells induced 183 by P2RY1 activation results in a prolonged increase in extracellular space that may allow greater 184 dilution and more rapid redistribution of K + in the organ of Corti. Alternatively, buildup of extra-185 cellular K + alone may stimulate greater uptake. To determine if rapid increases in extracellular 186 K + or Clwere sufficient to stimulate K + redistribution in the absence of crenation, we puffed KCl 187 (130mM) into the supporting cell syncytium in the presence of P2RY1 antagonists ( Figure 4H) . As 188 expected, this transient increase in extracellular K + induced an inward shift in K + tail currents and 189 a brief optical change induced by fluid delivery; however, K + tail currents rapidly returned to base-190 line and did not shift outward, suggesting that K + (and Cl -) efflux are not sufficient to enhance K + 191 redistribution rates. In addition, we transiently stimulated P2RY1 in Tecta-Cre;TMEM16A fl/fl mice, in 192 which purinergic receptor activation is preserved, but crenations are abolished (Wang et al., 2015) . 193 In these mice, ISCs failed to crenate, IHCs did not depolarize, and K + tail currents remained stable 194 throughout the duration of the recording (Figure 4I) . These results suggest that purinergic autore-195 ceptors on ISCs influence extracellular K + levels by both triggering K + release and by altering K + 196 redistribution by controlling the size of the extracellular space. ure 5- Figure Supplement 1A,B) . Moreover, in accordance with the progressive increase in extracel-205 lular K + that follows P2RY1 inhibition, there was a gradual increase in spontaneous, uncoordinated 206 Ca 2+ transients in IHCs in the presence of MRS2500 (Figure 5D-F gether, these results indicate that P2RY1 is required for coordinated activation of ISCs, IHCs, and 210 SGNs before hearing onset and that P2RY1 inhibition leads to higher rates of uncorrelated activity.
211
IHCs in the developing cochlea exhibit regenerative Ca 2+ spikes that strongly activate post-212 synaptic SGNs, resulting in bursts of action potentials that propagate to the CNS. To determine 213 if P2RY1 initiates burst firing in SGNs, we recorded spontaneous activity from SGNs using juxta-214 cellular recordings from their somata (Figure 6A) . Application of MRS2500 resulted in a dramatic 215 reduction of high frequency burst firing in SGNs, visible as a decrease in burst frequency and action 216 potentials per burst (Figure 6E,F) . All SGN spiking was abolished by the AMPA receptor antagonist 217 NBQX (50µM) (Figure 6D) , indicating that their activity requires synaptic excitation by IHCs. The 218 precise patterning of action potentials within bursts was also disrupted by P2RY1 inhibition, as 219 there were fewer interspike intervals in the 75-125ms range (Figure 6C,F) , which correspond to 220 the maximum rate of Ca 2+ spike generation by IHCs during ATP-mediated excitation (Tritsch et al., 221 2010a). Additionally, the coefficient of variation measured for interspike intervals was significantly 222 lower following P2RY1 inhibition, suggesting SGNs fire more randomly (Figure 6E) . However, the 223 average frequency of action potentials remained unchanged during P2RY1 inhibition (Figure 6E) , 224 due to increases in non-burst firing (Figure 3F,Figure 4D ). SGNs in P2ry1 KO cochleae exhibited 225 activity similar to wildtype SGNs in the presence of MRS2500, with a lower burst firing rate, fewer 226 interspike intervals in the 75-125ms range, and a lower coefficient of variation of interspike inter-227 vals relative to controls (Figure 6G-I) . However, despite the profound contribution of P2RY1 to ISC 228 and IHC activity, some burst-like behavior was still observed in SGNs (Figure 6D,G) , suggesting that 229 other forms of excitation emerge in the absence of P2RY1, due to an increase in overall excitability 230 or developmental changes. Together, these data indicate that P2RY1 is required to generate dis-231 crete bursts of action potentials in SGNs and that loss of these receptors enhances uncorrelated 232 firing. 234 The highly synchronized electrical activity exhibited by IHCs prior to hearing onset propagates 235 through the entire developing auditory system to induce correlated firing of auditory neurons GCaMP6s and Snap25-T2A-GCaMP6s;P2ry1 -/mice). Time lapse imaging revealed that both control 240 and P2ry1 KO mice exhibited correlated neuronal activity confined to stationary bands oriented 241 along the tonotopic axis (Figure 7A-C) . Spontaneous events were less frequent in P2ry1 KO mice 242 (9.7 ± 0.8 events per minute compared to 13.4 ± 0.7 events per minute in control; two-tailed Stu-243 dent's t test, p = 0.002), although the events were similar in amplitude and duration (half-width) 244 (Figure 7D ), suggesting that some compensatory amplification of events occurs in the CNS of these 245 mice, similar to that seen in Vglut3 KO mice (Babola et al., 2018) . Spontaneous activity in P2ry1 246 KO mice differed from controls in three other ways. First, the contralateral bias exhibited for each 247 event was higher, with the weaker relative to stronger side amplitude decreasing from 0.61 ± 0.02 248 to 0.44 ± 0.02 (two-tailed Student's t test, p = 3.0e-6) ( Figure 7D) . Second, the coefficient of variation 249 (ratio of standard deviation to the mean) of event amplitudes was 40% higher relative to controls 250 ( Figure 7D) . Third, a detailed examination of the spatial location of events across the tonotopic axis 251 ( Figure 7E ) revealed that activity in brain areas later responsible for processing higher frequency 252 tones (~8 -16 kHz) was reduced by 68% in P2ry1 KO mice, while activity in low frequency areas 253 was unaltered (Figure 7F-H) . In P2ry1 KO mice, bilateral removal of both cochleae abolished activ- ity in the IC, demonstrating that activity in these mice originates in the periphery (Figure 7-Figure   255 Supplement 1A-C). 256 Although P2ry1 KO mice mimic some aspects of acute P2RY1 inhibition, the absence of P2RY1 257 signaling throughout life may have led to compensatory changes, such as the increase in non-258 purinergic ISC activity (see Figure 3 - Figure Supplement 2E) . Therefore, to better assess the role 259 of P2RY1 in generating spontaneous activity in vivo, we delivered a solution containing MRS2500 260 into the intraperitoneal cavity of mice while imaging activity in the IC. Compared to mice injected 261 with control solution (5% mannitol), mice injected with MRS2500 exhibited dramatic reductions in 262 IC event frequency (from 13.3 ± 0.8 to 3.9 ± 1.1 events per minute; two-tailed Student's t test, p = 263 0.0001) and amplitude (from 9.9 ± 0.5 to 4.9 ± 0.8% ∆F/Fo; two-tailed Student's t test, p = 0.0006) 264~5 minutes after administration (Figure 8A-D) . This decrease was specific to the IC, as SC retinal 265 wave activity (Ackman et al., 2012) was unaffected by acute MRS2500 administration (Figure 8B,C,E) , 266 indicating that the locus of action is likely within the cochlea, which has been shown to have a less 267 intact blood-tissue barrier at this age (Suzuki et al., 1998) . Spatial analysis revealed that unlike the 268 selective deficit observed in higher frequency zones in P2ry1 KO mice, the inhibition was not limited 269 to certain tonotopic regions, but rather occurred evenly across all frequency zones (Figure 8F,G) . 270 Together, these data indicate that ISC P2RY1 autoreceptors within the cochlea play a critical role in 271 initiating spontaneous bursts of neural activity in auditory centers within the brain prior to hearing 272 onset. This duality of purpose, to induce K + efflux and enhance K + clearance, promotes discrete bursts of 290 activity throughout the developing auditory system.
233
P2RY1 promotes auditory neuron firing in vivo
291
Purinergic signaling in the developing cochlea 292 Before the onset of hearing, neurons in the auditory system that will process similar sound frequen- (Figure 2A) , and spontaneous activity was reduced 304 when intracellular Ca 2+ stores were depleted or PLC was inhibited (Figure 1B-F) , manipulations that 305 disrupt canonical Gq-coupled GPCR signaling pathways (Erb and Weisman, 2012; Fabre et al., 1999) . 306 Moreover, our pharmacological studies indicate that P2RY1 is both necessary and sufficient for 307 spontaneous current generation in supporting cells (Figure 3B, Figure 4B) , and inhibition of P2RY1 308 in vivo profoundly decreased cochlea-generated activity in the auditory midbrain (Figure 8C) . This 309 reliance on P2RY1 is unexpected, as ionotropic P2X receptors are also widely expressed in the de- (Figure 4G) . The resulting increase in extracellular space lasts for many seconds and en-326 hances dissipation of extracellular K + , visible through the time-dependent shift in the reversal po-327 tential of K + mediated tail currents (Figure 4G,I) . Conversely, inhibition of P2RY1 increased the size 328 of ISCs, a swelling-induced "relaxation" that concomitantly decreased extracellular space around 329 IHCs. K + accumulation and depolarization of IHCs followed, an effect absent when IHC K + channels 330 were inhibited (Figure 3J,K) . This phenomenon is consistent with the depolarizing shift in the resting 331 membrane potential of IHCs observed in Tmem16A cKO mice (Wang et al., 2015) , which similarly 332 blocks ISC crenation, and with studies in the brain where inducing cell swelling with hypoosmotic 
338
The tonic inward current that develops in ISCs in response to P2RY1 block was abolished when 339 homeostatic K + release pathways (Na + channels, Ca 2+ channels, Na + -K + -Clcotransporters, and Na,K-340 ATPase) were inhibited (Figure 3H,I) , suggesting that K + redistribution mechanisms, in the absence 341 of ISC crenation, are weak at this stage of development. Indeed, although the membrane poten-342 tial of ISCs is close to E K , their membrane conductance is dominated by intercellular gap junction 343 channels; when uncoupled from their neighbors, they exhibit very high (1-2GΩ) input resistance 344 (Jagger and Forge, 2014; Wang et al., 2015) , suggesting that few K + leak channels are expressed.
345
The presence of tight junctions at the apical surface of the cochlear epithelium and the limited K + 346 conductance of ISCs may restrict passive diffusion and dilution of K + , similar to what has been de-347 scribed in the vestibular epithelium (Contini et al., 2017) , thus necessitating uptake via alternative 348 mechanisms. Both inner phalangeal and Dieters' cells (which envelop the inner and outer hair cells, 349 respectively) express K + -Clsymporters, Na,K-ATPase pumps, and inwardly-rectifying K + channels 350 that may siphon K + into the supporting cell syncytium after extrusion from hair cells. However,
351
the apparently low capacity of these systems places a greater dependence on diffusion within the 352 extracellular volume fraction controlled by the supporting cells.
353
In the CNS, astrocytes facilitate rapid dissipation of accumulated K + through the glial syncytium 354 via gap junctions (Kofuji and Newman, 2004) , a mechanism termed spatial buffering. Astrocytes (Wang et al., 2012) . Although P2RY1 is expressed by some astrocytes and can trigger 363 Ca 2+ waves (Gallagher and Salter, 2003) , this mechanism does not appear to regulate IHC excitabil-364 ity in the cochlea, as stimulation of P2RY1 in Tmem16a cKO mice, which have intact metabotropic 365 receptor signaling but no crenations (Wang et al., 2015) , did not hyperpolarize IHCs (Figure 4I,J) . 366 Thus, astrocytes and cochlear ISCs use purinergic signaling in different ways to maintain the ionic 367 stability of the extracellular environment and control the excitability of nearby cells.
368
Role of supporting cells in the generation of spontaneous activity 369
Our understanding of how non-sensory cells contribute to spontaneous activity has been limited by (Figure 8) , suggesting that inhibition is not due to activation of 378 astrocyte P2RY1 receptors; as noted above, inhibition of P2RY1 in astrocytes would be expected to 379 enhance, rather than inhibit neuronal activity (Wang et al., 2012) . 380 In vivo imaging in P2ry1 KO mice recapitulated many aspects of changes seen when P2RY1 was 381 acutely inhibited, with significantly reduced neuronal activity observed in lateral regions of the IC 382 (later active to 8-16kHz tones; Figure 7) . However, neuronal burst firing persisted within central 383 regions of the IC, regions that will ultimately process lower frequency sounds (3-8kHz). Developing 384 sensory systems exhibit a remarkable ability to preserve spontaneous activity. In the visual system, peripherally-generated activity (Zhang et al., 2012) ithelium, Reisner's membrane, stria vascularis, and SGNs (Housley et al., 2009; Huang et al., 2010) . 402 The widespread expression of these receptors coupled with observations of increased endolym-403 phatic ATP concentrations following trauma (Muñoz et al., 1995a) et al., 1995b) , due to decreased endolymphatic potential following shunting inhibi-407 tion through P2XR2 (Housley et al., 2013) in the endolypmph at low nanomolar concentrations (Muñoz et al., 1995a) . Further studies involv- For inner supporting cell recordings, apical segments of the cochlea were acutely isolated from 429 P6-P8 rat (Figure 1) held at near their resting membrane potential (-75 to -80mV).
451
Errors due to the voltage drop across the series resistance and the liquid junction potential 452 were left uncompensated for recordings of spontaneous activity. For IHC recordings with K + accu-453 mulation voltage protocols (Figure 4) , the amplifier compensation circuit was used to compensate 454 70% of the access resistance. Recordings that displayed more than a 10% increase in access re-455 sistance or access resistances > 30 MΩ were discarded. ISC and IHC spontaneous currents were 456 recorded with pClamp 10 software using a Multiclamp 700B amplifier, low pass filtered at 2kHz, 457 and digitized at 5kHz with a Digidata 1322A analog-to-digital converter (Axon Instruments).
458
Action potentials were analyzed offline using custom routines written in Matlab 2017b (Math-459 works). Briefly, raw traces were high-pass filtered to remove baseline drift and spikes were identi-460 fied using an amplitude threshold criterion. As described previously (Tritsch et al., 2010a) , bursts 461 were identified by classifying interspike intervals into non-bursting intervals (> 1s), burst intervals 462 (30ms-1s), and mini-burst intervals (< 30ms). Bursts were defined as clusters of at least 10 con-463 secutive burst intervals (with mini-burst intervals being ignored in the context of burst detection).
464
Spikes within mini-bursts were included when calculating the number of spikes within a burst. Col-465 ored raster plots were generated by grouping spikes into one-second bins and applying a color 466 map to the resulting data (modified 'hot' colormap; Matlab). the whole field was taken as an ROI and peaks were detected using MATLAB (findpeaks function).
482
To calculate area of these events, a Gaussian filter (σ= 2.0) was applied to the image after thresh-483 olding and the borders detected using MATLAB (bwlabel function). The area was then calculated as 484 the number of pixels within the border multiplied by the area scaling factor (µm/pixel) 2 measured 485 with a stage micrometer.
486
Immunohistochemistry and X-gal Reaction
487
Mice were deeply anesthetized with isoflurane and perfused with freshly prepared paraformalde-488 hyde (4%) in 0.1 M phosphate buffer. Cochleae were post-fixed for 45 minutes at room tempera-489 ture and stored at 4°C until processing. For X-gal reactions, P6-P8 cochleae were removed from 490 the temporal bone and washed 3 x 5 minutes with PBS. Tissue was then incubated for 24 hours 491 in the dark at 37°C in X-gal working solution consisting of (in mM): 5 K + ferricyanide crystalline, 5 492 K + ferricyanide trihydrate, 2 magnesium chloride, and 0.1% X-gal (GoldBio) dissolved in DMSO. Af-493 ter washing 3 x 5 minutes with PBS, images of cochleae were acquired on a dissecting microscope 494 (Zeiss Stemi 305). For immunohistochemistry, fixed tissue was washed 3 x 5 minutes in PBS, placed 495 in 30% sucrose solution overnight, and incubated in OCT mounting medium overnight at 4°C. Ten 496 micron thick cross-sections of the cochlea were made on a cryostat and mounted on Superfrost
497
Plus slides (Fisher), which were then allowed to dry for 1 hour before processing. Cross-sections 498 were incubated overnight with primary antibodies against β-gal (anti-Chicken; 1:4000, Aves) and
499
Myosin-VIIa (anti-Rabbit; 1:500, Proteus BioSciences) for detection of β-gal and Myosin-VIIa only for 500 qualitative analysis of the Tecta-Cre;TdT reporter mouseline (Figure 4-Figure Supplement 1) . Sec-501 tions were then rinsed three times with PBS and incubated for two hours at room temperature with 502 secondary antibodies raised in donkey (Alexa-488 and Alexa-546; 1:2000, Life Technologies). Slides 503 were washed three times in PBS (second wash with PBS + 1:10,000 DAPI), allowed to dry, and sealed 504 using Aqua Polymount (Polysciences, Inc.). Images were captured using a laser scanning confocal 505 microscope (LSM 510 or 880, Zeiss). 
526
To quantify frequency and areas of Ca 2+ transients, a threshold of three standard deviations 527 above the mean was applied to each pixel within the ROI. To calculate the frequency of these events,
528
the whole field was taken as an ROI and peaks were detected using MATLAB (findpeaks function) on 529 the number of thresholded pixels per frame. To calculate area of these events, a Gaussian filter (σ= the entire left and right inferior colliculi were drawn. Across all conditions, the size of the ROIs was 583 invariant, however, due to small differences in the imaging field between animals, the ROIs were 584 placed manually for each imaging session. Peaks in the signals were detected in MATLAB using 585 the built-in peak detection function (findpeaks) using a fixed value threshold criterion; because 586 fluorescence values were normalized, this threshold was fixed across conditions (2% ΔF/Fo). Occa-587 sionally, large events in the cortex or superior colliculus would result in detectable fluorescence 588 increases in the IC. These events broadly activated the entire surface of the IC and did not exhibit 589 the same spatially-confined characteristics as events driven by the periphery. These events were 590 not included in the analysis. ing 3' of the 3' homology arm. These primers were then used to sequence the junctions. Of these, 619 all mice used for experiments were derived from a single founder that was positive for both sets 620 of primers and had 100% sequence validation. Mice were crossed to a TdTomato reporter line to 621 examine cell-specific recombination (Figure 4-Figure Supplement 1) . can be found in the figure legends. To achieve statistical power of 0.8 with of a 30% effect size with 626 means and standard deviations similar to those observed in previous studies, power calculations 627 indicated that 7 animals in each condition were necessary (µ 1 = 10, µ 2 = 7, σ = 2, sampling ratio = 1).
628
While this number was used as a guide, power calculations were not explicitly performed before 629 each experiment; many experiments had much larger effect sizes and sample sizes were adjusted . (B) Spontaneous inward currents recorded from an ISC before and after application of MRS2500 (1µM) and subsequent broad spectrum purinergic antagonists suramin (10µM) and PPADS (50µM). Recordings were performed near physiological temperature (32-34°C). (C) Plot of event frequency. Each window measured was 5 minutes in length, washout was taken 20 minutes after superfusion of aCSF. n = 5 ISCs from 5 cochleae (one-way ANOVA; ****p<5e-5, ***p<0.0005, ns, not significant). (D) Plot of event amplitude. n = 5 ISCs from 5 cochleae (one-way ANOVA; ****p<5e-5, *p<0.05, ns, not significant). (E) Plot of average integral (charge transfer). n = 5 ISCs from 5 cochleae (one-way ANOVA; ****p<5e-5, *p<0.05, ns, not significant). (F) Intrinsic optical imaging performed before and after application of the P2Y1 antagonist, MRS2500 (1µM). Detected crenations are outlined in colors based on time of occurrence as indicated by timeline below image. Imaging was performed near physiological temperature (32-34°C). (G) Plot of crenation frequency before and after MRS2500 application. n = 6 cochleae (two-tailed paired Student's t test; **p<0.005). 
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